Recent years have witnessed a growing volume of papers describing the use of GPS technology and other tracking technologies for obtaining data on time-space activities. These methods have several advantages over traditional methods of time-space data collection in terms of accuracy, resolution and length of the possible data collection period. However, to date, no work has been done on the compliance rates among participants and the resulting validity of the collected data. This paper presents a method that combines the use of a GPS receiver with Radio Frequency Identification (RFID) technology that was implemented in research on time-space activities of elderly persons with cognitive impairment.
Introduction
For many years the most common method for gathering information on human spatial activity has been the time-space diary. This method provides a systematic record of the way in which individuals occupy their time in space over a limited period, be it a few hours, a day, or a week (Anderson 1971) . While time-space diaries have been used to great effect (see for example: Hanson and Hanson 1981; Goodchild and Janelle 1984; Janelle et al. 1988; , they do have several disadvantages as research tools. In particular, time-space diaries require the subjects to be actively involved in the process of data collection by recording, in detail and at length, their activities throughout the entire experiment (Thornton et al. 1997 ).
In recent years, the rapid development and availability of small, inexpensive and reliable tracking devices, and most recently smartphones, has led to a growing volume of spatial research using such technologies (see for example: Macket et al. 2007; Shoval 2008; Wiehe et al. 2008 , Shoval et al. 2013 . Global Positioning Systems (GPS) devices offer researchers the opportunity for continuous and intensive high-resolution data collection in time (seconds) and space (meters) for extended periods of time. Aside from Transportation Studies (Wolf 2000; Wolf 2006; Oliveira et al. 2011) , GPS and other tracking technologies are now used to collect time-space data in a wide variety of fields including tourism (Shoval and Isaacson 2007; Xia 2008) , environmental health (Phillips et al. 2001; Elgethun et al. 2003) , and in medicine areas such as Alzheimer's disease (Miskelly 2004; 2005) , physiology (Terrier and Schutz 2005) and cardiology (Le Faucheur et al. 2008) .
GPS assisted data collection is especially useful for collecting time-space data over long periods of time. The ease of use and the low burden on the participants make this a viable tool for data collection spanning over several days or weeks. As this data collection method becomes more and more popular the research community must concern itself with the validity of the data being collected. We must ask ourselves, to what degree are respondents able to fulfill the requirements of participating in a GPS survey and remember to take the GPS unit with them when they leave their house?
One of the main drawbacks associated with GPS assisted data collection is in the active role that participants need to take in insuring high data quality. Participants have to remember to take the GPS unit with them when they leave their homes, and in the case of studies that last for several weeks, the participants must remember to charge the device. Unlike travel diaries, if a participant forgets to take his GPS with him when leaving home, there is little or no opportunity to fill in the data that is missing due to this mishap.
When using travel diaries as a data collection tool, Axhausen et al. (2007) have shown that there is little respondent fatigue. They demonstrated this using data from travel behavior studies that use travel diaries and span over a period of several weeks.
Their study demonstrated that there is actually a learning tendency that is found as an increase in the report of trips as the study progresses. Previous studies have explored the discrepancies between GPS tracked trips and survey reported trips and found patterns of discrepancy associated with age, trip purpose and number of trips (Stopher and Shen 2011; Bricka et al. 2012) . Younger participants and 'heavy travelers' reported fewer trips than the GPS recorded. Work trips tend to be over reported while people were found to underreport non-work trips.
When exploring missing data it is extremely important to understand the nature and the distribution of missing data in GPS assisted surveys in order to avoid information bias. It is easy for researchers to get a false sense of confidence in the quality of the data that they had collected. For example, if the GPS was located in the participant's home from three p.m. every afternoon until the next morning, this could mean that the participant does not leave his or her home in the evening. Alternatively, it could also mean that the participant spends his or her nights partying in clubs but prefers not to take the unit with him or her. In this example, the data on the whereabouts of the participant are not only missing, they are actually incorrect, resulting in systematic error in the collected data. In sum, compared to more traditional time-space diaries, GPS devices have the potential for more complete data collection, but their use is also subject to similar potential biases. This paper is a by-product of "SenTra" a bi-national Israeli-German research project that examined the relationship between cognitive decline and mobility. The study enlisted older adults with different levels of cognitive impairment, ranging from a control group of cognitively healthy to people diagnosed with mild dementia. After completing a battery of cognitive tests in a clinical setting, participants were interviewed in their homes and asked to carry a GPS receiver with them when they leave their home for a duration of four weeks (for the full study protocol see Shoval et al. 2008 ).
Naturally, data validity was a major concern for a project of this character. As researchers, we asked ourselves: How can we design a study based on a high level of compliance from people who have just had cognitive decline clinically demonstrated.
How can we ask this population to remember to carry a GPS unit with them? Being aware of the cognitive challenges that these people face, how can we treat data collected in this manner as valid data that describes mobility? How can we trust the self-reporting of participants that claim to be actively participating in the study but who might not be able to actually remember whether they fulfilled the study requirements?
A solution to these problems was found in an innovative technology developed in the context of law enforcement and later adapted to a health care context. The technological solution, described at length later in this paper, used Radio Frequency Identification (RFID) technology to indicate whether the participant left home without the GPS unit. As researchers, we were not able to eliminate missing data, but we were able to achieve a second best, to know when data was missing and be able to assess the validity of the data collected. This novel study design enabled a unique opportunity and allowed a window into examining GPS assisted survey's data validity. This paper reports on the validity of the GPS data collected and tries to answer the question: To what degree are older adults able to fulfill the requirements of a GPS assisted study?
The remainder of this paper is divided into three sections. First, the data collection method and the unique combination of technologies that was used is presented. Then the results of the study are introduced and discussed. The conclusion of the paper discusses the significance that these findings have for planning and executing GPS based studies.
Method

Data collection
The GPS tracking kit (purchased from HomeFree Wireless TelehomeCare Solutions, Tel-Aviv, Israel) consists of three main elements: 1) the STAR unit, which needs to be taken when the participant leaves home. The unit weighs 400 grams and contains a GPS receiver, GSM modem and an RF receiver; 2) a waterproof wristwatch that includes a Radio Frequency (RF) transmitter and additional sensors including one that detects whether the watch is being worn on a person's body; 3) a stationary home unit that repeats the RF signal and allows the participant to walk freely around the house (Figure 1 ). The waterproof "wristwatch" RF transmitter allows the researchers to know whether participants are complying with the research participation guidelines and whether they are carrying the GPS device at any given moment. If the strap is opened or the RF transmitter is not in contact with the body, the system issues a notification. If the watch is worn on the hand, but is farther than ten meters from the GPS receiver (at home this maximum distance is 70 meters because of the home monitoring unit) then a notification is also issued. These notifications allow the researchers to determine whether the research subject is participating at a satisfactory level. Both notifications of a missing body signal for the wristwatch or a distance of more than 10/70 meters (outside/at home) indicate that there is a problem with the participant's compliance. If the wristwatch is removed we lose certainty as to the whereabouts of the participant.
Similarly, if the STAR unit is more than 10 meters from the wristwatch it means that the person has moved away from the GPS unit and the locations obtained by the GPS no longer represent the person's location. Aggregating these data allows for measuring the overall level of compliance and, as a result, to assess the quality of the data obtained during the relatively long tracking period.
Figure 1: Elements of the location kit
The STAR unit was programmed to obtain locations every 10 seconds when the participant was outside the home. It had an ability to function for about 12 hours without recharging. This is an important feature since some participants leave their homes for long periods of time during the day. The data collected were transferred by GPRS (General Packet Radio Service) to the project's server; this enabled us to monitor the tracking kits in real-time in order to ascertain that the kit was functioning, that it had sufficient battery power, and that the subject was participating in the research as expected.
Sample
Data analyzed in this paper were drawn from the Israeli part of the SenTra study, which was completed at the beginning of 2011. Eighty nine older adults participanted in the study and were tracked for 28 days. The participants were selected from two groups, older adults with mild cognitive decline or mild dementia and a control group of older adults who were tested and proven to be cognitively healthy. Participants with cognitive decline were recruited through the Memory Clinic at the Tel-Aviv Sourasky Medical Center, while healthy controls were recruited by combining advertisements in the media and a snowball sampling technique. Additional exclusion criteria included mobility impairments as well as any underlying mental or physical diseases (for full details of the study protocol see Shoval et al. 2008 ). All participants were given a full explanation of the study, its purpose, and their role. Participants could withdraw from the study at any point in time.
The sample described in table 1, consisted of 89 men and women, 63-92 years old (53 cognitively impaired, 39 healthy). Participants with cognitive impairment were somewhat older than healthy controls, although the difference was not statistically significant. There was no difference by gender; however, healthy controls were more educated than the cognitively impaired participants. For a more detailed presentation of the study design and the clinical classification criteria please see Shoval et al. 2008 .
A few words about Mild Cognitive Impairment (MCI) are in order. MCI is a condition in which a degree of cognitive decline that is greater than expected for a person's age and education is demonstrated. This degree of cognitive decline does not interfere with day-to-day life (Gauthier et al. 2006) . In lay terms the physician that screen the participants in this study described people with MCI as people that are late for their appointments because they had trouble finding parking. These people are still active many of them still drive and maintain a full schedule of activities; these people are considered by themselves and by those that surround them as healthy and not as people with a disease. From an epidemiological point of view, the prevalence of the condition ranges from 3% to 19% among adults over the age of 65. 
Classifying data quality
The collected data was assessed using a two-step method. First, each hour of the day was classified as valid or invalid. In order for an hour to be valid, it had to have at least 30 minutes of compliance with the study's requirements; the participant had to be wearing the watch and to be located in the same place as the STAR unit. The threshold was aimed at discerning between technical malfunction and noncompliant behavior.
Next, each day was classified as valid or invalid. A valid day of participation had to have a full 24 hours of compliance with the study requirements. This strict requirement takes into account the disparity between the ease of complying with the study requirements while at home and the difficulty of complying when leaving home.
While at home, it was easy for participants to be compliant, they only had to wear the wristwatch. When leaving home, one had to remember to take the STAR unit with them, making it more difficult to comply with the study requirements. A missing hour of compliance when a person is out of their home indicates missing mobility data, making it impossible to calculate daily volumes of spatial activity. That said, days that have hours of missing data still contain valuable information regarding the spatial activity that was observed. The data can be used in assessing activities and mobility patterns that were observed while remaining cautious, especially when examining volumes of mobility behavior, keeping in mind that there may be missing data.
Results
The levels of compliance are presented below divided into the subsamples based on cognitive function. The subsamples with demonstrated cognitive decline do not exhibit the behavior of a cognitively healthy population but they rather present the extreme case in which we might expect low levels of compliance, due to memory decline.
One can expect this to represent the worst case in which participants have a recognized condition that interferes with their ability to remember to carry the GPS unit with them.
The average number of valid days (table 2) is highest for the healthy control group, is slightly lower for the participants with cognitive decline. This decline in valid data reveals the expected difficulty that people with Cognitive Decline have in complying with the study's requirement of remembering to take the GPS unit with them when they leave their home. While this difficulty is expected despite what we might have anticipated the participants were able to participate to some degree and a substantial amount of data describing their spatial activity was collected.
Tables 2 and 3 demonstrate that there is very little association between gender and compliance. The compliance rates among the older cohort were slightly higher than the younger group, indicating that there is no decline in compliance with age. A t test did not reveal a significant difference in the ability to participate based on age or gender. When considering the hours of compliance with the study requirements the rates are a lot higher. This is because an hour can be categorized as valid even if the hours before or after are not while an invalid hour rules the whole day as invalid. Examining hours of compliance gives an indication as to the robustness of the spatial data collected.
On average, people of all groups were proven compliant around 80% of the time. As in the case of valid days of participation, there is no significant difference between the two groups in relation to days of compliance. Age and gender (tables 4 and 5) are also not found to be associated with compliance rates when measured by hour. 
2.
The participant removed the wrist watch from their arm. In this situation the participant might still comply with the study requirement of taking the STAR unit with them when leaving home but since we would have no way of knowing if they left home or not for the purposes of this study it would be considered invalid data.
3.
The STAR unit ran out of power. This situation can be caused by a lack of compliance, in the case when the participant did not charge the STAR unit at night as required. This failure could also be caused by technical failure, for example, a battery with a weak charge or a software malfunction.
4.
Technical problems such as communications problems can cause a loss of data resulting in a time of uncertainty regarding the participant's compliance.
The first two reasons for invalid data indicate a lack of compliance with the study requirements. The fourth reason for invalid data is not associated with the participants' behavior and therefore does not indicate a lack of compliance with the study requirements. The third scenario can be caused by the participant or by the equipment. Table 6 shows the percentage of hours that were invalid and the reasons for the invalidity. There is no significant difference between the people with cognitive decline and the control group when examining the different reasons for data invalidity. Overall, 81%-88% of the time participants were compliant with the study requirements. One might postulate that there is an association between the time of day and compliance with the study requirements. Being compliant during the day, when participants tend to be active, requires that the participant actively remember to take the GPS unit with them while at night compliance can be obtained passively while sleeping in bed. Figure 4 plots the different statuses of compliance that a participant can have throughout a 24 hour cycle while differentiating between the participants with cognitive decline and those who are cognitively healthy.
Examining the figure reveals that there are only small differences in levels of participation between participants with cognitive decline and those without cognitive decline. The data reveals that participants found it the hardest to keep the wrist watch on.
This strain was especially prominent in the late evening and earlier morning a time when most participants were sleeping. These times have the highest percentage of noncompliant data due to participants removing the watch. This was the main complaint that participants would raise when asked by the research staff about their experience participating in this study. The positive side of this is that while taking of the watch at night does not comply with the research protocol it also does not affect the quality of the spatial data collected.
While not statistically significant the data does indicate higher levels of forgetting the GPS unit at home, during hours of high activity, among those with cognitive decline.
This can be seen as a manifestation of the disease with which this population is dealing with and can be understood as part of the implications of working with people with cognitive decline. 
Conclusion
Previous studies that have tried to quantify and rate the quality of time-space data collected mostly using time-space diaries have examined days of immobility as an indicator of the amount of soft refusals accrued from the participants in the study (Madre et al. 2007) . Most data collection methodologies, both GPS based and time-space diaries, make it is impossible to discern between days of immobility and soft refusals.
This has led travel diary surveys to exclude certain populations (including older adults) as a matter of policy.
This paper demonstrated a method with which it is possible to measure compliance rates in GPS based studies. The results reported in this paper took advantage of a unique opportunity to glimpse into compliance rates among participants in GPS based studies. This opportunity was made possible by the combination of several technologies in a way that is not usually used in research design. In most cases, using these technologies is not a feasible study design due to considerations of cost and ease of use.
To what extent do these results represent trends in a more heterogeneous sample? The population sampled in this study is unique, older adults some of whom suffer from cognitive decline. People with cognitive decline are generally a population that many studies steer away from because of the methodological challenges associated with data collection. How can we expect the compliance of this population to compare to a more heterogeneous sample? Failure to comply with study requirements in a GPS assisted data collection effort are a result of both soft refusals as well as occasional forgetfulness. One can argue that this sample represents an extreme case in which forgetfulness is more prevalent than it would be among those without cognitive decline.
We see no reason to believe that soft refusal rates are any different than they would be in a more heterogeneous sample. In addition the compliance rates reported in this paper can be used as bench marks when estimating rates of compliance in future studies.
The findings of this study reveal the feasibility of the rather complex data assessment approach used. Though there were differences between the compliance levels among different sub-groups, many of the participants were able to comply with the study requirements. The result of this data collection procedure is the creation of a database with high-resolution data about time-space activities of elderly people over a period of one month. In addition we have demonstrated that participants with cognitive decline who are generally considered to be a difficult population to collect data from because of memory problems and difficulty complying with research protocols, can actually fulfill the requirements of participating in a GPS based data collection effort. This lends to the assumption that GPS based data collection efforts in a more heterogeneous population have high compliance rates.
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